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Introduction 1
Conventional suspended growth activated sludge process, the core part of sewage 2 treatment technology, have been extensively used for wastewater treatment since its 3 introduction 100 years ago and have contributed greatly to our society in terms of 4 environment protection and public health benefits (van Loosdrecht & Brdjanovic, 2014) . 5
Activated sludge is a mixture of inactive sewage solids combined with microbial populations, 6 which facilitates the degradation and conversion of pollutants in wastewater treatment plants. 7 The current activated sludge paradigm for wastewater treatment is characterized by relatively 8 high-energy consumption and waste biomass production, which leads to high operational cost 9 (Foley et al., 2010; Tchobanoglous et al., 2003) . To overcome these problems, extensive 10 research was undertaken that led to the development of new technologies, which have shown 11 promise to treat wastewater more efficiently. 12
The sequencing batch reactor (SBR), a modification of the activated sludge process, 13 where all nutrients (nitrogen, phosphorus, and organic carbon) are removed in a single 14 reactor, have gained a great deal of attention due to their improved nutrient removal capacity. 15
This process uses discrete phases regarding nutrient availability (e.g., feast/famine regime 16 with respect to carbon source). Microbial populations normally exposed to this feast/famine 17 condition results in the accumulation of large fraction of the soluble substrate, when 18 available, as internal storage polymers such as poly-β-hydroxyalkanoates (PHAs) (Ciggin et 19 al., 2013; Van Loosdrecht et al., 1997) . The storage polymers act as an electron donor for 20 respiration if electron acceptors (such as oxygen or nitrite) become available. This principle is 21 used in "storage driven denitrification" process such as simultaneous nitrification and 22 denitrification (SND) where heterotrophic bacteria rapidly store soluble substrate as storage 23 polymer (PHAs) that degrades slowly to provide the reducing power for the process to 24 remove nitrogen from wastewater (Krasnits et al., 2013; Third et al., 2003) . 25
In much the same way as PHA build-up by the bacterial biomass is advantageous for 26 nitrogen removal, it is also critically involved in biological phosphorus removal as in 27 enhanced biological phosphorus removal (EBPR) by poly-phosphate accumulating organisms 28 (PAOs) (Oehmen et al., 2007) . Polyphosphate accumulating organisms can take up organic 29 BOD (e.g. in the form of acetate) and intracellularly store them as PHAs under anaerobic 30 (feast) conditions (Mino et al., 1998) . Energy for this biotransformation is generated by the 31 cleavage of intracellular polyphosphate (poly-P) which they previously accumulated during 32 the famine (aerobic) period (Mino et al., 1998) , thus removing phosphorus from wastewater. 33
The dynamic feast-famine (anaerobic-aerobic) regime used in EBPR is also known to 34 favour development of a different phenotypic group of bacteria called glycogen accumulating 35 organisms (GAOs) (Liu et al., 1996; Satoh et al., 1992) . Like PAO, these organisms are also 36 able to store volatile fatty acids (VFA) as PHA anaerobically which they use in the 37 subsequent aerobic phase as carbon and energy source. The energy and reducing power 38 required for the anaerobic storage of PHA is provided by the hydrolysis of intracellularly 39 stored glycogen. In aerobic conditions, PHA is oxidized for glycogen replenishment, biomass 40 growth, and aerobic maintenance purposes. Since GAO competes with PAO for anaerobic 41 uptake of VFA without contributing to the phosphorus removal process, they are considered 42 undesirable and a major cause of EBPR failure (Kong et al., 2006; Zhou et al., 2008b reactor could be used to remove nitrogen from waste streams with high nitrogen relative to 51 carbon effectively and efficiently. Moreover, in a recent report, Flavigny and Cord-Ruwisch 52 (2015) described a biofilm reactor enriched in glycogen accumulating organisms that had 53 been operated at very high biomass densities (50 g/L) for several years under alternating 54 anaerobic/aerobic conditions. The biofilm was able to take up BOD anaerobically. After the 55 biomass had removed the BOD and the treated, largely BOD (acetate) free synthetic 56 wastewater was drained; the biomass could regenerate its biological storage capacity by 57 oxidizing the stored PHA using oxygen directly from the atmosphere. However, it is not 58 known how long it would take to develop such a biofilm from standard activated sludge and 59 how effectively anaerobic biofilm BOD uptake will work. This is an impediment for plant 60 operators intending to make use this technology. 61
The aim of the current paper is to describe the transition from activated sludge to GAO 62 dominated biofilm by using selective conditions. The significance of the study is that the 63 results give operators of wastewater treatment plants and design engineers a time estimate for 64 the conversion of a traditional activated sludge biomass to a GAO dominated biofilm reactor 65 that enables low-cost BOD removal via passive aeration. 66
Materials and Methods

67
Experimental setup and operation
68
Two reactors were constructed and operated in parallel; a sequencing batch biofilm 69 reactor (test reactor) and a trickling filter reactor (control reactor) (Figure 1 Prior to operation, described reactors were inoculated with activated sludge from local 81 wastewater treatment plant (Subiaco, Western Australia). After seeding, the sequencing batch 82 biofilm reactor was operated automatically by specifically timed phases. The reactor was 83 filled with synthetic wastewater (within 5 min through a peristaltic pump), then maintained 84 under anaerobic condition for about 2 hours, followed by gravity drainage (10 min) and 85 exposure of the biofilm directly to air, which was recirculated within the reactor for 1 hour. In 86 contrast, the control reactor was operated in trickling reactor mode at all time where feed 87 (synthetic wastewater) was trickled by recycling over the carrier material. 88 internal diameter × 0.25 µm film thickness). Nitrogen was used as a carrier gas (3 mL/min), 134 and the sample was split 1:5 at the inlet. The temperature of injection was 250°C, the 135 temperature of Flame Ionisation Detector (FID) was 300°C, and the temperature ramp of the 136 column started at 80°C, then increased at a rate of 70°C/min until 152°C, further increased at 137 a rate of 4°C/min until 160°C, and finally increased again at 70°C/min until 230°C and held 138 for 2 min, to ensure a cleaning of the column after each injection. 139
Synthetic wastewater
Glycogen analysis 140
Biomass glycogen was analysed as glucose after acidic hydrolysis, according to the 141 method used by Wang et al. (2015) . Approximately 1-2 mg freeze-dried biomass was 142 weighed into air-tight Pyrex tubes, to which 5 mL of 0.6 M HCl was added and heated at 143 100°C for 3 h. After cooling to room temperature, samples were sheared by a vortex mixer 144 for 1 min, and transferred to 10-mL tubes, followed by centrifugation at 2600g for 10 min. 145 About 1 mL supernatant was added to 4 mL of anthrone-H 2 SO 4 reagent (0.2% anthrone (w/v) 146 in 80% (v/v) H 2 SO 4 ) in 10-mL colorimetric tubes. All tubes were placed in a water bath at 147 100 °C for 10 min. After cooling at 4°C for 5 min in cold water, samples were measured by a 148 UV/VIS spectrophotometer (UVmini-1240, Shimadzu, Japan) at 625 nm. Glucose was used 149 as the standard. 150
Three individual replicates of all experiments were performed. All the data were 151 subjected to analysis of variance (ANOVA) using PAST software (Version 3.14). Statistical 152 significance was tested using the least significant difference (LSD) at the p<0.05 level. 153
Microbial community structure analysis
154
Biofilm was scraped off the carriers, and genomic DNA was extracted using the Power 155 Soil ® DNA Isolation Kit (MoBio, Carlsbad, CA, USA) according to the manufacturer's 156 instruction and using DNA-free reagents and consumables. A mock-extraction was also 157 carried out, in parallel, using the same reagents and consumables, but no biofilm (extraction 158 blank). The V 4 hypervariable region of the 16S rRNA gene was amplified with the modified 159 version (Apprill et al., 2015) of 515F -806R primers (Caporaso et al., 2012) . Briefly, for 160 each sample, polymerase chain reaction was carried out in a 25 µL total volume including 2.5 161 µL of normalized total genomic DNA (5 ng/µL), 0.2 µM of each primer and 12.5 µL of 2x 162 KAPA HiFi HotStart Ready Mix (Kappa Biosystems, USA). The PCR cycling protocol 163 consisted of an initial denaturation step of 95°C for 3 min, followed by 35 cycles of DNA 164 denaturation at 95°C for 30s, primer annealing at 55°C for 30s, strand elongation at 72°C for 165 30s, and a final elongation step at 72°C for 5 min. Extraction blanks and no-template control 166
were always included in all PCR amplifications. For each sample or control, the PCR 167 products from the three replicates were then pooled, checked by gel electrophoresis and 168 purified using AMPure XP beads (Beckman Coulter, USA). After quantification with the 169 Qubit dsDNA Assay Kit (Thermo Fisher Scientific, USA), amplicons were pooled at 170 equimolar ratios, prior to index PCR using Nextera XT Index Kit V 2 -V 5 indexes (Illumina, 171 USA). Products were purified again using AMPure XP beads (Beckman Coulter, USA), 172 quantified with the Qubit dsDNA HS Assay Kit (Thermo Fisher Scientific, USA) and pooled 173
at the approximately equimolar ratio. The pool was then further concentrated and purified by 174 a QIAquick PCR Purification Kit (Qiagen, USA) and quantified by Qubit dsDNA HS Assay 175 Kit (Thermo Fisher Scientific, USA), prior to dilution to 4 nM and paired-end sequencing (2 176 x 250 bp; 500 cycle V2) on the MiSeq platform (Illumina, USA). 177
Sequences were first processed in Geneious 8.0.4 (Kearse et al., 2012) . Sequences were 178 then quality filtered using USERARCH (Edgar, 2010) , allowing only reads with a <1% error 179 rate to remain and singletons were removed. To identify bacterial genera present in samples, 180 operational taxonomic units (OTUs) were selected by clustering sequencing at 97% similarity 181 with the UPARSE algorithm (Edgar, 2013) and filtered by UCHIME to ensure OTUs were 182 not the result of chimeric reads. Genus level taxonomy was assigned to OTUs against the 183 Bacterial genera that were identified in extraction reagent blanks and no-template control 186
were removed from the dataset to eliminate background bacterial sequences. Some sequences 187 were manually cross-checked using the National Centre for Biotechnological Information nr 188 collection of databases with the Basic Local Alignment Search Tool (BLAST) for 189 nucleotides, including some sequences that were not identified at the genus level by QIIME. 190
Results and Discussion
191
The sequencing batch biofilm reactor (SBBR) and trickling filter reactor (TFR) Interestingly, despite the fact that the SBBR underwent sequential anaerobic and 220 aerobic phases, it developed a biofilm faster than the TFR. This is evident from microscopic 221 observations and from the difference of aerobic acetate uptake rates after six weeks by both 222 biofilms, which were 7.7 and 4.6 Cmmol/L/h for the SBBR and the TFR, respectively. Also, 223 normal time curves of acetate uptake showed that anaerobic acetate uptake by the SBBR was 224 faster than aerobic acetate uptake by the TFR (Figure S1 ), which is likely due to the higher 225 biomass level in the SBBR. This result suggests that sequencing batch mode operation 226 enhances biomass accumulation in a carrier material which is in accordance with the 227 observation reported by Bassin et al. (2012) . 228
Removal of carbon source without release of phosphorus
229
Two groups of microorganisms can store carbon source anaerobically: the 230 polyphosphate accumulating organisms (PAO) and the glycogen accumulating organisms 231 (GAO). To determine which types of microorganism enriched in this experiment, a batch 232 experiment was done to study the anaerobic acetate (carbon source) uptake and P release 233 profiles of both reactors (Figure 3) . In sequencing batch biofilm reactor, biomass removed 17 234
Cmmol/L acetate while the phosphorus content remained almost equivalent in synthetic 235 wastewater throughout the anaerobic phase ( Figure 3A) . As expected, the biofilm in the 236 control reactor, in which PHA storage bacteria were not enriched, also did not release 237 phosphate ( Figure 3B) . 238
The sequential anaerobic and aerobic condition is known to be favourable for acetate 239 uptake and storage as PHA by phosphate accumulating organisms (PAO). These organisms 240 take up phosphate aerobically as an energy source, followed by hydrolysis and release of 241 phosphate in the anaerobic phase, which provides energy for anaerobic acetate uptake and its 242 polymerization as PHA. However, in this experiment, there is little chance for PAOs to 243 develop in the sequencing batch biofilm reactor because aerobic phosphate accumulation 244 cannot occur as phosphate containing synthetic wastewater has been drained just before the 245 aerobic phase. As a consequence, it is expected that an alternative mechanism of acetate 246 storage as PHA is used which is the mechanism of glycogen-accumulating organisms 247 (GAOs). These organisms use aerobically stored glycogen to enable anaerobic acetate uptake, 248 which is subsequently accumulated as PHAs (Liu et al., 1996) . Hence, reactor operation in 249 SBBR would be likely to select for GAO rather than PAO. 250
From the established understanding of the physiology of GAO bacteria, the reasons 251 why the described operating conditions (anaerobic loading followed by aerobic exposure of 252 the biofilm to air) leads to the selective enrichment of GAO bacteria are as follows: During 253 the intitial establishment on the carrier material of an aerobic, acetate fed biofilm from 254 activated sludge, various types of bacteria may attach to the carrier (e.g. via producing expo-255 polymers). However, after anaerobic loading of the reactor with synthetic wastewater, only 256 those bacteria that can store acetate as storage material (i.e. as PHA) will be able to profit 257 from the subsequent aerobic phase to produce ATP via aerobic respiration (electron transport 258 phosphorylation), hence allowing them to proliferate as a biofilm. The anaerobic and aerobic stoichiometric data was compared with other reports carried 290 out with GAO and PAO enriched cultures ( Table 1 Gly degraded /Ac uptake ratio in SBBR indicates that the energy required for acetate uptake was 296 mainly derived from glycogen metabolism. 297 Also, the PHA synthesized /Ac uptake ratio in SBBR was high with 2.14 (Cmol/Cmol) which is 298 
Microbial community structure analysis
304
To investigate further the key constituents of the described biofilms, 16S rRNA 305 amplicon sequencing analysis was carried out at week 8. The initial bioinformatic analysis 306 (denoising, filtering out chimeras) yielded 11747 and 12283 high quality reads for SBBR and 307 TFR respectively, which were assigned to different taxonomic levels (from genus to family). 308
A portion of the effective bacterial sequences could not be assigned to any taxon, suggesting 309 that some bacteria were novel which was present in both reactors. 310
The relative abundances of different phyla and classes in Proteobacteria for both 311 reactors are shown in Figure S3 . The most abundant phylum in sequencing batch biofilm 312 reactor was Proteobacteria (Figure S3 A) , which accounted for 64.7% of the total bacterial 313 16S rRNA gene sequences. In contrast, Bacteroidetes (42.4%) was the largest component of 314 the total OTUs in trickling filter reactor, followed by Proteobacteria (37.6%). The 315 predominance of Proteobacteria is in line with previous studies of activated sludge (AS) 316 communities (Zhang et al., 2012 ). This group is considered important for wastewater 317 treatment because of their role in carbon, phosphorous and nitrogen removal (Yang et al., 318 2014). On the other hand, Bacteroidetes the dominant phylum in the TFR is responsible for 319 sludge foaming and bulking which leads to increased operational cost of wastewater 320 treatment plants (Yang et al., 2014) . 321
Regarding relative abundances of different classes within Proteobacteria, there was a 322 significant difference between SBBR and TFR reactor (Figure S3 B) . While Gamma-323 proteobactetia (50.6%) was the most abundant class in the SBBR, the TFR reactor was 324 dominated by Beta-proteobacteria (16.3%). This observation suggests that the sequential 325 anaerobic and aerobic phase promotes the proliferation of Gamma-proteobacteria which is 326 considered as the chief competitors of PAOs for anaerobic substrate uptake and has shown to 327 be capable of PHA accumulation but lacks the ability to remove phosphorus. On the other 328 hand, Beta-proteobacteria normally exists in aerobic bio-systems (Esplugas et al., 2013) . 329
Bacterial community composition at the genus level (>1% relative abundance) is 330 represented in Figure 5 and it can be shown that the sequencing batch biofilm reactor and 331 trickling filter reactor had different predominant bacterial groups. The SBBR is dominated by 332
Candidatus competibacter (48.7%) belonging to Gamma-proteobacteria, followed by 333 Bacteroides (11.17%). This observation is in line with the findings reported in the literature 334 which has shown that Candidatus competibacter can be enriched in an anaerobic/aerobic 335 system using acetate as the sole carbon source (Crocetti et On the other hand, the most abundant genus in trickling filter reactor is 340 Sphingobacterium (8.1%), followed by Saprospira (7.7%) and Bacteroides (4.7%). Alternatively, the proposed biofilm system could also be integrated upstream of low-energy 373 required anammox based process to remove nitrogen. 374
Anammox is a biological process capable of anaerobic transformation of NH 4 + to 375 dinitrogen (N 2 ) gas using NO 2 -as an electron acceptor (Kartal et al., 2013) and has been 376 successfully implemented in sidestream wastewater treatment system. Recently research 377 focus has moved to the possible application of anammox based processes to mainstream 378 wastewater treatment. However, one of the main challenges for applying anammox process to 379 the main wastewater stream is high C/N ratio. Anammox bacteria cannot compete with 380 heterotrophic denitrifying bacteria at high organic content, which results in low levels of 381 anammox bacteria in the population. Moreover, some organic compounds which are added to 382 the wastewater to improve the nitrogen removal efficiency such as methanol, have been 383 found to cause partial/complete inactivation of anammox activity (Ali & Okabe, 2015) . In 384 contrast, low concentration of organic matter does not affect anammox activity significantly 385 but improves total nitrogen removal via heterotrophic denitrification. Since the currently 386 described biofilm reactor is capable of removing soluble organic substances from wastewater 387 rapidly and cost-effectively, it could represent an ideal partner process for subsequent 388 anammox processing, resulting overall in one of the least energy consuming wastewater 389 treatment options. 390
Conclusions
391
The following conclusions could be drawn: 392
• Within eight weeks, suspended activated sludge biomass was converted to a glycogen 393 accumulating organism (GAO) dominated biofilm reactor. 394
• The biofilm removed all BOD in the form of storage energy, which enables direct 395 oxygen uptake from the atmosphere (passive aeration) and associated energy savings. 396
• The biofilm reactor could be integrated with nitrogen removal systems such as 397 
Highlights
• Activated sludge biomass was converted to GAO dominated biofilm within eight weeks
• Biofilm removed organic carbon anaerobically and stored as PHA
• Storage ability of biofilm was revived after exposure to atmospheric oxygen
• Biofilm operation required less energy as it avoids costly O 2 transfer into wastewater
• The reactor could be integrated with nitrogen removal (e.g., anammox) technologies
